Chemical vapor deposition of iron pentacarbonyl (Fe(CO) 5 ) in an external magnetic field (B ¼ 1.00 T) was found to significantly affect the microstructure and anisotropy of as-deposited iron crystallites that could be transformed into anisotropic hematite (a-Fe 2 O 3 ) nanorods by aerobic oxidation. The deterministic influence of external magnetic fields on CVD deposits was found to be substrateindependent as demonstrated by the growth of anisotropic a-Fe columns on FTO (F:SnO 2 ) and Si (100), whereas the films deposited in the absence of the magnetic field were constituted by isotropic grains.
Introduction
Iron, a classical ferromagnet (2.22 m B ), is an excellent candidate for investigating the effect of external magnetic eld on metallic iron lms grown below its Curie temperature (770 C) by chemical vapor deposition (CVD). 1 A large body of data is available on the formation of iron lms on silicon [2] [3] [4] or platinum 5 using iron pentacarbonyl (Fe(CO) 5 ) as molecular precursor, however, so far a direct inuence of external magnetic eld during CVD lm growth has not been examined. Specically, the microstructure evolution during the CVD process is challenging to manipulate by external stimuli and the experimental strategies are mostly limited to external orientation-aids, such as pre-structured surfaces, 6,7 templates 8 or external magnetic elds. 9 Kim and coworkers observed an anisotropic assembly of iron clusters during magnetic eldassisted hot lament CVD, 10, 11 when iron nanoclusters formed in the gas phase were found to align on the substrate along the magnetic eld lines. Luo et al. applied magnetic elds during the growth of carbon nanotubes (CNTs) on nickel catalyst to demonstrate growth parallel to the eld direction and elongation of catalyst particles that consequently favored the CNT growth in the direction of the applied eld. 9 Similarly, application of magnetic elds was shown to promote crystal growth during CVD of diamond lms. 12, 13 Recently, Wang et al. reported on the magnetic and electrical eld effects in the CVD of diamond lms, when thinner coatings with preferred orientation were obtained during the eld-assisted processes. 12 The interaction of magnetic materials with an externally applied magnetic eld strongly depends on structure, size, temperature and magnetic characteristics of the atoms, and embryonic clusters of the growing material. 1 Reports describing positive magnetic eld-effects on structure evolution, crystallinity and performance of hematite thin lms, as obtained from PECVD processes are promising; 14 however, literature lacks on magnetic eld inuences during structure formation in metalorganic CVD. In this work, we demonstrate magnetic eldassisted cold wall CVD (mfCVD) as a suitable method for the preparation of anisotropically grown iron nanostructures followed by their conversion into hematite lms, examined towards their photoelectrochemical activity.
Results and discussion
A customized cold wall CVD set-up built for performing lm growth in external magnetic elds (0.00 # B # 1.00 T) was used in this study to investigate the decomposition of Fe(CO) 5 in mfCVD ( Fig. 1) . A non-metallic resistive DC heater was used to avoid perturbances in the applied magnetic eld. The temperature of the precursor reservoir and substrate holder was monitored during the entire process.
Besides electric eld interferences from the heater, thermal uctuations in magnet materials can result in demagnetization events thereby leading to variations in eld strength and homogeneity. 1 Since no signicant heating of the magnet was observed within the time period of the deposition processes (see Fig. S1C †), inuence of thermally induced heat perturbances of the magnetic eld can be excluded. Additionally, the time dependent stability of the applied magnetic eld was measured at a eld ux density of 1.00 T that conrmed stable processing conditions ( Fig. S1D †) . Since neither eld uctuations nor heating of the magnet were detected, the externally applied magnetic eld was determined and considered as constant during all mfCVD processes.
Deposition of metallic iron lms with and without an external magnetic eld (1.00 T), using Fe(CO) 5 as the iron source, was performed at 300 C substrate temperature. The orientation of the magnetic eld with respect to the substrate was found to have signicant inuence on the obtained lm morphologies and thus on underlying nucleation and grain growth mechanisms. For instance, a perpendicular eld orientation (a ¼ 90 ) led to anisotropic a-Fe crystallites ( Fig. 2C) , whereas a homogeneous coating constituted by equiaxed grains was observed for the deposition performed without an external magnetic eld ( Fig. 2D ). When the applied eld was parallel (a ¼ 0 ) to the substrate, larger crystallites with cuboidal morphology were obtained, however a tilted orientation of anisotropic grains was evident at 45 inclination. The XRD patterns conrmed the formation of a-Fe for both eld-assisted and zero eld experiments (see Fig. S3 †) .
The CVD of a-Fe under the variation of eld strength (from 0.25 # B # 1.00 T) revealed that oriented structures were formed in all cases with better alignment at higher eld strengths ( Fig. 3 ). While homogeneous structures were observed at higher magnetic eld ux density (B ¼ 1.00 T), the perpendicular orientation of the iron columns was less pronounced with decreasing eld strength, as observed in the top view SEM images ( Fig. 3D-F ). This eld dependent orientation of the anisotropic iron structures illustrated the general impact of external elds on as-grown lms and their implication in tailoring the grain structure and texture in the lm (see Fig. S4 -S6 in ESI †).
Cross-sectional TEM images of the lms grown at 1.00 T ( Fig. 4A and C) and 0.25 T ( Fig. 4B and D, a ¼ 90 ) conrmed the increase in crystal size at larger magnetic elds thereby supporting the hypothesis that on-substrate nucleation and grain growth (diffusion) is strongly inuenced by magnetic interactions between the crystalline nuclei and applied magnetic eld. These results were also obtained in case of ReN depositions from single-source precursors 15 and diamond coatings 12 and as such in good agreement with literature results. The increase of grain size during annealing of bulk phase magnetic materials is reported, however at much higher magnetic elds (6 T). [16] [17] [18] The results of room temperature isothermal magnetization measurements ( Fig. 5A and B ) present the magnetic behavior of the samples grown with applied eld of 0.25 T and 0.50 T. The measurements performed in parallel direction (with respect to the eld applied during lm deposition) show no signicant difference in their magnetic response. However, in the perpendicular measurement direction, both samples present a clear anisotropic behavior, denoted by the higher magnetic eld applied in order to saturate the samples. This difference between both directions can be attributed to the magnetic shape anisotropy induced by the texture introduced during the lm grown. Comparing the magnetization measurements (perpendicular direction) of both lms, in combination with SEM analysis, the different behavior can be attributed to the grain size and orientation development caused by the mfCVD process. For precise quantication of shape anisotropy, more analysis are necessary which goes beyond the scope of the current work.
The inuence of external magnetic elds was found to be substrate-independent as demonstrated by growth of anisotropic a-Fe columns on FTO (F:SnO 2 ), whereas the zero eld experiment produced isotropic lms (Fig. S7 †) . The possibility of growing anisotropic structures on various substrates opens up new possibilities for tuning material properties without any compositional changes.
Aerobic annealing of anisotropic a-Fe columns produced elongated hematite grains (Fig. 6 ), whereas isotropic crystallites were observed for a-Fe samples grown in the absence of external eld and annealed under similar conditions. The crosssectional SEM studies of eld-assisted and zero eld samples annealed in air under similar conditions exhibited higher degree of densication of grains in eld-assisted experiments, while smaller grains were visible for zero eld deposition. Furthermore, microscopic structural defects (white arrows, Fig. 6 ) were observed for the zero eld experiment (Fig. 6B ), while no inhomogeneities were visible in samples grown in eld-assisted process (Fig. 6D ). The absence of structural inhomogeneities emphasizes a densication effect of magnetic elds on iron lm formation, while zero eld experiments lead to more chaotic growth. Consequently, void formation is more likely to occur in the absence of magnetic elds, especially in case of fast growth kinetics. In contrast, the surface roughness was higher for the samples obtained via eld-assisted CVD process, while the zero eld case revealed a smooth and homogeneous surface. XRD analysis of oxidized lms ( Fig. 6C and F) demonstrated a signicant texturing for samples grown in eld-assisted deposition with predominance of diffraction planes (104), (113), (024), (116) and (018). Remarkably, no signal for (110) plane was detected, indicating a suppression of crystal growth along this direction through eld-assisted deposition of anisotropic nanostructures. In contrast, no identiable peaks were observed for zero eld experiment, indicating the formation of mainly amorphous iron oxide. Since the sample formed in eld-assisted process exhibits a higher exposure to air, more oxygen gets in contact with the specimen. Therefore, an increased oxygen pressure is assumed inside the lattice of the eld-assisted sample, leading to fast crystallization in contrast to the zero eld sample. Thus, another striking inuence of external magnetic elds seemed to promote postprocessing crystallization probably due to the previously described formation of larger crystals during the mfCVD process. EDX analysis of the samples performed at 5 kV excitation voltage (Fig. S8 †) revealed the presence of iron and oxygen without further impurities in the lm. Due to the high anisotropy and small thickness of the lm, a further quantication of atomistic ratio was not performable.
Hematite is a well-known photoanode material for photoelectrochemical (PEC) water-splitting reactions and especially one dimensional hematite nanoarrays are reported to exhibit improved PEC performance due to the presence of (110) planes that have higher electron mobilities 19,20 and are exposed in anisotropic hematite nanorods. 21, 22 Various fabrication methods ranging from CVD of single source precursor molecules 23, 24 and PECVD deposition of iron oxides [25] [26] [27] [28] to solution processing 29, 30 are known for producing hematite for conducting water-splitting reactions. The PEC activities of hematite lms obtained aer the thermal oxidation of iron crystals grown with (mfCVD) and without (CVD) eld were analyzed in alkaline conditions and the recorded photocurrent values are presented in Fig. 7 .
The hematite lms obtained from the iron sample deposited at 1.00 T had a photocurrent density of J ¼ 0.050 mA cm À2 at 1.23 V (versus reversible hydrogen electrode (RHE)), while the lm obtained from zero eld experiments showed lower photocurrent density of J ¼ 0.027 mA cm À2 . The samples obtained at 0.50 T exhibited a photocurrent density of J ¼ 0.038 mA cm À2 verifying the trend observed in the crystal orientation as a function of eld strength (see Fig. 7B ). Since eld-assisted deposition revealed higher crystallinity (XRD evidence, Fig. 6C ) and surface area compared to zero eld control experiment, both better charge transport properties and higher photoelectrochemically-active surface area need to be considered when evaluating the enhanced photocurrent values of the samples grown in mfCVD. Intriguingly, the XRD diffraction peak for (110) plane responsible for the favorable facet for improving PEC kinetics 19 was found to be suppressed in eldassisted deposition, ruling out crystallographic orientation as the reason for observed PEC performances. This suggests that increased surface area and promoted reaction kinetics are apparently the dominating factors for enhanced catalytic activity, since a shied onset in dark current measurements was observed with increasing eld strengths. The lower PEC performance for zero eld deposition samples can be explained by smaller grains and thus increased grain boundary density that is known to lower PEC performance due to higher charge recombination. These observations are in good agreement with SEM and XRD data. The observed electrochemical performance for the 0.50 T deposition does not follow the same trend with respect to the electrocatalytic properties at voltages above 1.7 V. Most likely, crack and pinhole formation lead to the exposure of FTO to the alkaline solution, lowering the electrocatalytic activity of the lm. Nevertheless, the observed changes in photocatalytic activity and onset potential stay in line with the presented eld-related trend.
Conclusion
The effect of external magnetic elds on the chemical vapor deposition of ferromagnetic iron nanostructures revealed strong effects of external magnetic elds on the phase composition, grain growth and densication processes. A signicant altering of morphology, chemical topography and functional properties of lms deposited in the presence of external magnetic elds was furthermore observed. The application of an external magnetic eld was found to be independent of the nature of substrate and anisotropic structures were obtained on both silicon and FTO in the mfCVD process. With decreasing eld strengths, a suppressed collinear orientation with respect to the applied magnetic eld was seen so that larger a-Fe crystals were obtained for eld-assisted processing, while a variation of eld orientation resulted in different morphologies. Annealing the substrates led to the phase-selective transformation of iron grains to hematite nanostructures with higher (eld-assisted CVD) and lower (zero eld CVD) aerial density of hematite nanostructures. The structural and topological differences of hematite lms were found to be responsible for differential photoelectrocatalytic properties of the two sets of samples with higher photocurrent and thus higher watersplitting ability was observed for samples processed in mfCVD. In summary, magnetic eld-assisted CVD offers a catalyst-free method for the anisotropic formation of iron nanostructures. This method might provide deeper insights into eldmatter interactions during lm formation and thus offers additional control on lm morphologies. Finally, this research demonstrates that external magnetic elds can expand the 
